High-voltage pulsed glow discharge is applied to plasma immersion ion implantation ͑PIII͒. In the glow discharge, the target constitutes the cathode and the gas tube forms the anode under a relatively high working gas pressure of 0.15-0.2 Pa. The characteristics of the glow discharge and ion density are measured experimentally. Our results show resemblance to hollow-anode glow discharge and the anode fall is faster than that of general glow discharge. Because of electron focusing in the anode tube orifice, ions are ionized efficiently and most of them impact the negatively biased samples. The resulting ion current density is higher than that in other PIII modes and possible mechanisms of the glow discharge PIII are proposed and discussed.
I. INTRODUCTION

Plasma immersion ion implantation
1 ͑PIII͒ is a non-lineof-sight surface modification and thin-film synthesis technique. In this technique, the samples to be implanted are immersed in pregenerated plasma and pulse biased to a high negative voltage ͑generally 10-100 kV͒ with respect to the vacuum chamber leading to simultaneously implantation into all exposed surfaces of the samples. PIII can be used to enhance the surface physical, chemical, electrical, optical, and magnetic properties of various types of materials and industrial components. It has thus been applied to many areas including shallow junction formation and synthesis of silicon-on-insulator ͑SOI͒ substrates in microelectronics, biomedical engineering, and other industrial applications related to metals, ceramics, plastics, polymers, and so on. [2] [3] [4] [5] The main advantages of PIII compared to conventional beam-line ion implantation are the relative ease to implant three-dimensional specimens, ability to change the implantation energy on-the-fly, and that the implantation time is independent of the sample area. However, a drawback of PIII is that monoenergetic implantation is difficult due to the existence of multiple species in the plasma, lack of ion selection optics, and the nonzero rise and fall times of the sample voltage pulses. [6] [7] [8] In some samples with an irregular shape such as industrial gears or bearing races, the ion incident angle may not be normal across the entire surface thereby resulting in laterally nonuniform retained ion dose.
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The plasma source is a key component of a plasma immersion ion implanter. Conventionally plasma sources fall into the following categories: thermionic discharge, 12 pulsed high-voltage glow discharge, radio frequency ͑rf͒, 13,14 microwave, metal cathodic arc, 15, 16 sputtering, 17, 18 and so on. One common drawback of these plasma sources is the difficulty to ionize solid materials with poor electrical conductivity such as sulfur, phosphorus, and boron, some semiconducting materials such as silicon and germanium, as well as elements possessing low melting point and/or high chemical activity such as the group-IA and -IIA elements. In our previous work, a hybrid-evaporation-glow discharge source was developed to conduct PIII of elements with low melting point. 19 There have also been some research activities on pulsed high-voltage glow discharge under low pressure, but one or more external plasma sources are needed to ignite and sustain the discharge because ions undergo few collisions. 20, 21 We are proposing an alternative method by starting with conditions on the left branch of the Paschen curve to achieve self-sustaining. The main characteristics of our method are ͑a͒ glow discharge occurs between a small metal gas tube ͑anode͒ and large area sample ͑cathode͒, ͑b͒ the hollow anode focuses the electrons leading to intense ionization, and ͑c͒ the plume is sufficiently ionized and ions are attracted by the electric field to the samples resulting in implantation. The characteristics of the self-glow discharge including the ion density are measured, analyzed, and discussed in this paper.
II. HYBRID-EVAPORATION-GLOW DISCHARGE PLASMA SOURCE
The special ion source described in Fig. 1 ͑Ref. 19͒ was installed on one of the plasma immersion ion implanters in the Plasma Laboratory of City University of Hong Kong. 22 The small glass implantation chamber, 240 mm high and 150 mm in diameter, was placed in the vacuum chamber. A grounded stainless-steel tube 6 mm in diameter was placed in the implantation chamber as the anode. ͑cathode͒ was placed inside and under the glass implantation chamber and pulse biased to a high negative potential of several tens of kilovolts. The glass implantation wall provided better separation between the introduced gas and target. The solid source materials were heated and evaporated into the implantation-deposition chamber with or without a carrying gas that was pumped out by a standard vacuum pump system. To prevent the evaporated materials from condensing again, the gas carrying tube was also heated. The gas flow rate was controlled via flow valve 12.
III. DESCRIPTION AND ANALYSIS OF HYBRID-EVAPORATION-GLOW DISCHARGE
In this method, the solid or liquid source materials are initially evaporated in the heating chamber and the vapor diffuses into the implantation-deposition chamber with or without a carrying gas via the gas tube. A gas mixture which consists of the evaporated materials and one or more carrying gases is thus formed. When a high pulsed voltage is applied to the samples, the gas mixture break downs and glow discharge results. 19 The conductance of the tube U tube is a key factor. In order to break down the gas, P imp ՝ P breakdown and so U tube must satisfy
To make the glow discharge stable, P imp ജ P breakdown and so U tube must satisfy
where P imp is the implantation chamber pressure, P source is the pressure in the heating chamber,P breakdown is the gas breakdown pressure, S pump is the pumping speed, and Q imp is the particle consumption rate during implantation. Figure 2 depicts a photograph of the glow discharge. When the substrate is properly negatively biased and the gas pressure in the implantation chamber is appropriate, the working gas breaks down and a hollow-anode glow discharge is established. A bright plasma is formed in the hollow anode, as shown in Fig. 2 . Because a hollow-anode glow discharge exhibits distinct dark and luminous regions between the cathode and anode, the discharge region of the implantation chamber can be divided into the following zones: ͑a͒ cathode dark space ͑CDS͒, ͑b͒ negative glow ͑NG͒ that is a relatively bright region following the CDS, ͑c͒ Faraday dark space ͑FDS͒, ͑d͒ positive column ͑PC͒-a bright region, and ͑e͒ hollow-anode glow ͑HAG͒, the brightest region that is characteristic of this PIII ion source. 23, 24 This hollow-anode glow discharge is different from traditional glow discharge. The characteristics of the anode region depend on the anode size and shape, current density, nature of the gas, anode-to-cathode distance, and other operating conditions including the anode potential fall. In traditional glow discharge, the anode glow region appears when the positive column region exists, but it disappears when the anode is in the Faraday dark region. In our hollow-anode glow discharge, the brightest anode glow region ͑region e͒ always appears, and the anode potential falls faster than in traditional glow discharge. This high-voltage ͑up to 100 kV͒, low-pressure ͑ϳ0.01 Pa͒ glow discharge corresponds to the left branch of the Paschen curve ͓pd Ͻ ͑pd͒ min , where p is the gas pressure and d is the electrode separation͔. There are fewer collisions and ions thereby undergoing less energy losses before impinging into the samples. In our experiments, the working gas is introduced via a 6-mm anode inlet and breaks down under the right conditions resulting in glow discharge. This glow discharge phenomenon is similar to that of a constricted plasma source ͑CPS͒-hollow-anode glow discharge. Because the anode is smaller while the cathode area is big, under the applied electric field, electrons move toward the anode and focus near the anode inlet. At the same time, ions move toward the biased sample stage and breakdown occurs in the gas. Electrons that are formed by gas ionization and secondary electrons produced by ions bombarding the samples focus near the anode inlet thus creating a very bright region where the working gas is efficiently ionized. Because the working gas is introduced at a relatively slow flow rate, a "plasma ball" forms near the anode inlet before the gas expands entering the implantation chamber. In this plasma ball, the ionization rate is dramatically improved. According to the CPS theory and fluid mechanics, the entire glow region can be divided into a high-and low-pressure region because of the small gas tube diameter. In order to sustain the glow discharge, the pressure must be enough high. Here, the pressure and ionization rate are high near the anode inlet, and so the glow discharge can be sustained in a stable manner. However, the shorter the distance to the cathode, the lower is the pressure, and consequently, the particle mean free path can be larger than the size of the equipment thereby resulting in very few collisions. A second brightest area can be seen near the cathode ͑Fig. 2͒ and is believed to be caused by emitted secondary electrons colliding with incident particles. During our experiments, it was observed that glow discharge was sustained only under certain pressures and flow-rate ranges for a fixed target voltage, otherwise arcing occurred. As shown in Fig. 2 , a small plasma sheath can be observed to form around the target and it corresponds to other glow discharge phenomena characteristics of PIII that benefits conformal implantation. 20, 21 
IV. ION DENSITY
In PIII, the plasma density or ion density is a very important parameter as it determines the implantation dose and time. To more conveniently and accurately measure the plasma density in our experimental setup, some changes were adopted. Firstly, the implantation chamber was directly placed on a bigger copper target ͑160-mm diameter and 5 mm thick͒ that had about the same diameter as the implantation chamber and the gas tube was connected to a balloon where the gas was stored and released. Secondly, five 6 -mm-diameter holes were made at equidistance to insert Langmuir probes. Based on previous work, 25 the dominant population mechanism is a simple single-step electronimpact excitation from the neutral ground state to the excited ion state, that is, Ar+ electron→ Ar + + 2 electrons in argon gas hollow-anode glow discharge and in our experiments, argon was thus chosen as the working gas. To measure the ion current, 0.15-mm-diameter and 7-mm-long cylindrical tungsten filaments were used as special Langmuir probes. Figure 3 shows the electrical schematic of the Langmuir probe. In order to measure the ion saturation current, a voltage of −130 V was applied to the Langmuir probe and the ion saturation current was derived from the V / R relationship. The induction L was used to reduce the fluctuation in the oscilloscope signal. According to Laframboise, 26 the ion density measured by a Langmuir probe has the following relationship:
where n i , m i , and e are the ion density, ion mass, and electron charge, respectively, I i is the current measured by the Langmuir probe, r p and l p are the radius and length of the Langmuir probe, respectively, V plasma is the plasma space voltage which is usually small and is assumed to be −30 V here, and V p is the voltage applied to the Langmuir probe. Figures 4͑a͒ and 4͑b͒ display the ion density distributions along the axial and radial directions under different gas flow rates ͑different gas pressure͒ at a fixed −10-kV sample voltage and 100-s pulse width. The ion plasma density reaches 10 9 -10 10 /cm 3 which is higher than that in other conventional glow discharge ͑10 8 /cm 3 ͒ ͑Ref. 20͒ and it is comparable to that in rf and electron cyclotron resonance ͑ECR͒ plasma sources. 26 In Fig. 4͑a͒ , the ion density in the axial middle of the implantation chamber ͑120 mm to target͒ is the largest when the gas flow rate is smaller than 14 SCCM ͑standard cubic centimeter per minute͒ ͑about 5.0 ϫ 10 −4 Torr͒, and the ion density near the gas inlet ͑220 mm to target͒ and target ͑70 mm to target͒ is similar but smaller. When the flow rate is small, the glow discharge is weak and ions near the sample are mainly produced by secondary electrons emitted from the sample surface colliding with gas particles. This is similar to ions produced near the gas inlet by focused electrons impacting the entering gas particles. The ion density near the gas inlet is slightly higher than that near the target. The higher ion density in the middle may be due to quasiequilibrium ion diffusion. However, when the flow rate is bigger than 14 SCCM, the glow discharge is intense, and electrons focus near the inlet, ionize the gas particles, and repel the ions. The ion density near the target is the largest but that near the gas inlet is the smallest. As shown in Fig. 4͑b͒ , at a distance of 70 mm to the target, the ion density is the largest on the central axis ͑n i = 1.68ϫ 10 10 /cm 3 at a flow rate of 14 SCCM͒, and the ion density gradually decreases from the center to the implantation chamber wall. When the flow rate is at or larger than 16 SCCM, the ion density decreases more rapidly. Here, the ions may focus to some extent at the center which results in some nonuniformity. This phenomenon has been reported in other PIII experiments.
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V. TARGET CURRENT AND VOLTAGE
The typical rectangular voltage pulses applied to the target are shown in Fig. 5͑a͒ . The dependence of the target current on different applied voltages and certain pressures is shown in Fig. 5͑b͒ . The current abruptly increases at the voltage rising front, and then decreases, finally reaching a relatively stable value. As the applied voltage increases, the stable current value increases and the difference with the initial current peak value decreases. This is different from the traditional PIII current curve in which its goes from increasing to decreasing reaching the Child-Langmuir stable current:
where L is the cathodic fall length, i.e., dynamic sheath thickness. In our hollow-anode glow discharge, the target current is bigger. When the voltage and flow rate are 10 kV and 10 SCCM, respectively, it reaches 0.4 A. Figures 6͑a͒ and 6͑b͒ depict the voltage-dependent target current at a flow rate of 10 SCCM and the flow-rate-dependent target current at a voltage of −10 kV, respectively. As illustrated in Fig.  6͑a͒ , the target current increases with the target voltage and by numerical fitting, the target current exhibits the V 3.2 relationship and from Fig. 6͑b͒ , the target current increases with the gas flow rate or pressure, and the relationship is f 2.3 .
VI. CONCLUSION
The characteristics of a hybrid-evaporation-glow discharge plasma source were experimentally investigated from the perspective of plasma immersion ion implantation. During the glow discharge that occurs between the hollow anode and sample, electrons are focused near the gas inlet and a bright "plasma ball" is formed to efficiently ionize the par- ticles in the vicinity. The sheath around the target is small giving rise to good implant conformality and uniformity. Our results show that the plasma ion density in this glow discharge is relatively high ͑ϳ10 10 /cm 3 ͒ compared to that of rf and other conventional plasma sources that are more complicated and expensive. When the gas flow rate is high, the ion density near the gas inlet is the largest and the ionization efficiency is very good. The target current changes with the applied target voltage and gas flow rate. The current-time curve that does not show a decline after the peak current is different from that in traditional PIII, and so the mechanism is different. Future work includes the mechanism of ion production and implantation effects such as implantation energy, uniformity, and dose.
